Responses of tobacco (Nicotiana tabacum) suspension cells to Cd and Zn were studied in the presence and absence of ligand of Cd-peptide in order to understand the role of this peptide versus other mechanisms in Cd and Zn accumulation and accommodation in plants. With 45 micromolar Cd and 300 micromolar Zn (non-growth-inhibiting levels), metals appeared rapidly within cells, and intracellular Cd and Zn reached medium concentrations after 6 to 10 hours. Cd-peptide was observed in response to Cd after 2 hours, but this form only accounted for -30% of soluble Cd after 24 hours. Peptide was not observed in cells exposed to 300 micromolar Zn for up to 7 days. Organic acid-to-metal stoichiometry indicated that endogenous organic acid content of cells was more than sufficient to complex absorbed metals and no evidence was found for stimulation of organic acid biosynthesis by Cd or Zn. Metal-complexing potential of organic acids for Cd and Zn versus endogenous cations is discussed as is vacuolarextravacuolar distribution of metals. The absence of Cd-peptide does not limit Cd-accumulation in the system studied. Results suggest that tobacco suspension cells accommodate the presence of non-growth-inhibiting and growth-inhibiting levels of Cd and Zn by sequestration in the vacuole as complexes with endogenous organic acids and that this may be a principal means for accommodation of Cd as well as Zn in the presence and absence of Cd-peptide.
peptides, also called cadystins, phytochelatins, etc., centers on their structure, biosynthesis, and possible role in tolerance of plants and plant cultured cells to challenge with high levels of this metal (4, 6, 9, 16, 20, 21, 24, 31 and references therein). While the amino acid composition and primary structure of this family of peptides is becoming understood for several higher plant systems and certain yeasts, their function(s), selectivity in binding metals, aggregation potential, mode of biosynthesis, and metal selectivity and concentration dependence in their induction, are not understood (31) . Cd appears to be bound in acid labile mercaptide complexes (19, 29) , perhaps, under certain conditions with participation of sulfide (20) .
Positive correlations between occurrence of Cd peptide and tolerance (lack of growth inhibition) have been documented for two plant tissue-culture systems, suggesting a role for peptide in tolerance to high level Cd exposure (7, 18) . It is not known if Cd-peptide is formed in plants exposed to low levels of metal as occur in agriculture (31) . Indeed, available evidence suggests that it is not, and that this ligand is not constitutive (31) . Therefore, the question arises as to the mechanism of Cd (and Zn) accommodation and accumulation in the absence of Cd-peptide. Zn binding to this peptide has not been demonstrated (19) , though peptide induction by very high levels of Zn (possibly secondary response) has been reported (3, 18) .
Vacuolar accumulation of Cd after high level Cd exposure of plants and Dunaliella is suggested from several recent studies (5, 17) . Earlier, we reported the absence of evidence for vacuolar Cd in plants exposed to very low levels (0.01 M) of this metal (27) . While the issue of Cd concentration versus vacuolar Cd accumulation is unresolved, vacuolar accumulation of this metal after high level exposure appears to occur. This presents a dilemma in that extracts ofplants and cultured cells exposed to high levels of Cd contain most metal as Cdpeptide, yet presumably most of the intracellular Cd is in the vacuole. Vacuolar sap pH of most plants is in the range of pH 5, and pH for 50% dissociation of Cd (in vitro) from ligand of tobacco cultured cells and leaf peptide is about pH 5 (19)-compared to pH 3.0 for 50% dissociation of principally cytosolic metallothionein of animal cells (19) . Peptide from tobacco has the same amino acid composition as that from several other systems ( 19) , so it is likely that tobacco Cd peptide represents typical (-y-Glu-Cys), Gly Cd-binding peptide. The above discussion raises the question of the form of vacuolar Cd in cells containing, and also those not containing, ligand of Cd-peptide. The latter condition occurs in tobacco cultured cells exposed to relatively low levels (<1 uM) of Cd, cells exposed to < 1000 uM Zn (18) , immediately after exposure of nonacclimated cells to high levels of Cd (this study), and to cells grown in the presence of BSO,' an inhibitor of peptide formation (18) . It is noteworthy that most plants in nature and agricultural crops are probably exposed to very low levels (50.1 uM) of this metal (31) .
Prior to the demonstration that plants exposed to high levels of Cd form Cd-peptide, models to explain the mechanisms of heavy metal tolerance in plants focused on Zn and Cu and possible roles of the cell wall and vacuolar organic acids in metal sequestration (32) . Ernst was first to postulate vacuolar accumulation of Zn organic acid complexes as a mechanism for Zn tolerance in naturally tolerant ecotypes (32) . Considerable, but not entirely consistent, evidence exists for a correlation between Zn content and organic acid content in various plants and cultured cells (2, 8, 13, 15, 25, 26, 32 (18) . Homogenates were centrifuged (4°C) at 16,000g for 5 min and the resulting supernatants were centrifuged at 100,000g, 30 min. Pellets were combined and washed with growth media less metal; insoluble fractions were dried and digested with 9:1 (v/v) HNO3:HClO4 and the digest was evaporated and analyzed for Cd and Zn content in 1 % HCI using flame atomic absorption spectroscopy (with background correction for Zn). For determination of K+, Mg2+, Ca2+, NO3-, C1-, S042-, PO34, and H+, water washed cells were homogenized in freshly boiled, distilled, deionized H20. The K+, Mg2+, and Ca2+ contents of 100,000g supernatants were assayed directly by flame atomic absorption spectroscopy. Nitrate was measured using the procedure of Lowe and Gillespie (11) . For analysis of C1-, S042-, and PO43-a Dionex series 4000 I instrument and HPICAS 4 column were utilized. Buffer contained 2.2 mM Na2CO3, 2.8 mM NaHCO3 (pH 9.6) and 0.025 N H2SO4 was used as anion supressor.
To monitor organic acids, cold Ca-acetate was added to 100,000g supernatants of 0.2% oxalic acid homogenates, the suspensions were centrifuged at 16,000g for 5 min at 4°C to sediment Ca-oxalate, and the pellets were washed with cold water and resedimented (28 Tris (pH 5.5) and one-fifth was centrifuged and the pellet was frozen and set aside for monitoring protoplasts. The remainder was centrifuged and the pellet gently suspended in lysis medium containing 0.08 M K2HPO4/KH2PO4 (pH 8), 10 mM DTT (28) . The suspension was gently stirred at room temperature for 10 min to liberate vacuoles and then filtered through two layers of cheesecloth wet with lysis medium. The filtered lysate was made 17% (w/w) with sucrose with gentle mixing and overlayered with 8% (w/w) sucrose, 0.66 M mannitol, 20 mM Hepes/Tris (pH 8). After centrifugation for 10 min at 5,000g, 20°C, vacuoles floated to the surface of the overlayer. Gradients were fractionated from the bottom and vacuoles were observed by light microscopy after positive staining with neutral red and exclusion staining with Evan's blue. Protoplast contamination was estimated to be 5 to 10%. Fractions of gradients and the aliquot of protoplasts were examined for amannosidase using 0.1 M citrate/NaOH, pH 5.0 and 25 mM p-nitrophenyl-a-D-mannopyranoside (Sigma Chemical Co.). After incubation for 30 min at 39°C, the assay was stopped by addition of borate/NaOH (pH 9.8) ( (Fig. 3) . Similarly, no evidence was found for stimulation of organic acid biosynthesis using 600 ,uM Cd and 2000 uM Zn (not shown). Label recovered as calcium oxalate was about one half that recovered as citrate and was also similar in controls and metal treated cells (not shown). The minor peak of endogenous acid (retention time 8 min, Fig. 3) observed and noted earlier was not labeled. When [1-'4C] ascorbate (precursor of oxalate in plants) (28) 
Vacuole/Extravacuole Distribution of Cd and Zn in Cultured Cells
Assuming that the bulk of malic and citric acid in tobacco cells is in the vacuole (14, 22) , the bulk of accumulated metal would also be expected to be vacuolar if acid complexation and vacuolar sequestration is a mechanism for metal accommodation in the presence or absence of ligand of Cd-peptide. Because we were unable to prepare satisfactory vacuoles from tobacco suspension cells used in this study, even after applying the four basic methods for vacuole isolation (30), we estimated the vacuolar-extravacuolar distribution of Cd and Zn in Datura cultured cells treated with 0.35, 30, or 45 ,M Cd or with 300 or 300 ,uM Zn for 3 to 4 d. As shown in Figure 4 , evidence was found for vacuolar Cd in all treatments except 0.35 ,uM Cd. Enrichment in a-mannosidase at the top of vacuole flotation gradients was in all cases coincident with the occurrence of purified vacuoles. In control gradients where metals were added to lysis buffer, metal did not move into flotation zones (not shown). Yields of vacuoles (10-15%) were determined by comparing a-mannosidase recovered in vacuoles with that in a protoplast aliquot-assuming 100% of protoplast a-mannosidase to be vacuolar (30) . Contamination ofvacuole preparations with residual protoplasts in experiments reported was 5 to 10% oftotal structures present. Vacuole/extravacuole distribution of metals was computed by comparing in each individual experiment protoplast and vacuole metal and amannosidase content after factoring vacuole yield and proto- C Total meq anion calculated using mean of values from Table I for 4 h treatments (2 meq/mmol malic, 3 meq/mmol citric) plus NO3-, Cl-, S04-, P04-. Phosphate concentration was about 1.1 mm, sulfate was about 0.1 mm, and both were similar for all treatments (data not shown).
d From homogenates in 0.2% oxalic acid. (Table III) (12, 23 We were interested to determine if the absence of Cdpeptide would affect the capacity of the cell to accumulate Cd. Cells were exposed to 250 Mm Cd in the presence and absence of 0.2 mM BSO which was shown to inhibit synthesis by >85% (not shown) (18) . As shown in Figure 5, 
